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StrengtheningThe purpose of this paper is to review the advances that have been made in the design of monolithic and
precast reinforced concrete walls, both with and without openings, subject to eccentrically applied axial
loads. Using the results of previous experimental studies, a database was assembled to enable statistical
assessment of the reliability of existing design models. Several design aspects are highlighted, including
the size and position of openings, and the roles of boundary conditions and geometric characteristics. In
addition, the performance of ﬁber-reinforced polymers in strengthening wall openings is discussed. Over-
all it is found that design codes provide more conservative results than alternative design models that
have been proposed in recent studies. Research into the strengthening of walls with openings is still in
its early stages, and further studies in this area are needed. The paper therefore concludes by highlighting
some areas where new investigations could provide important insights into the structural behaviour of
strengthened elements.
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opening, G1 = centre of gravity of solid wall, G2 = centre of gravity of opening)
(adapted from [18]).1. Introduction
Sustainable social development requires a safe, functional and
durable built environment. Many structures around the world
are made of reinforced concrete (RC), most of which were built
before 1970 [1]. Functional modiﬁcations of these structures are
common because existing structures must often be adapted to
comply with current living standards. Such modiﬁcations may
include the addition of new windows or doors and paths for venti-
lation and heating systems, all of which require openings to be cut
into structural walls.
These openings can be divided into three types, namely already
existing openings, existing openings that have been enlarged and
newly created openings. Creating or modifying openings in walls
may change the stress distribution within the wall, adversely inﬂu-
encing its behaviour. It is generally believed that the effects of
small openings can often be neglected, while the presence of a
large opening usually signiﬁcantly alters the structural system
[2]. However, in the existing literature there is currently no clear
delimitation between small and large openings.
Experimental investigations have shown that cutting an open-
ing into an RC wall decreases its ultimate load capacity, requiring
the wall to be upgraded [3,4]. Traditionally, two methods have
been used to strengthen RC walls with openings, these being either
to create a frame around the opening using RC/steel members [5]
or to increase the cross-sectional thickness [6]. Both methods
increase the weight of the strengthened elements and may cause
signiﬁcant inconvenience by limiting the use of the structure dur-
ing repairs. A superior alternative that has been used successfully
in diverse contexts [7–10] is to use ﬁber-reinforced polymers
(FRP) as the externally bonded material. This technique requires
that thin laminates or bars be bonded to the surface of the struc-
ture using an adhesive to form a composite material.
The following sections provide a review of contemporary wall
design methods that have been included in various design codes
[11–14]. Two different design methods can be identiﬁed in these
documents: (1) a simpliﬁed design method and (2) a method based
on column theory; the latter is arguably the more rational
approach. Although the simpliﬁed method is straightforward to
implement, its applicability becomes limited when lateral loads
need to be considered because in such cases the resultant of all
loads on the wall must be located within the middle third of its
overall thickness. As a result, the total load eccentricity must not
exceed one sixth of the wall’s thickness. In this way the walls
may be considered as reasonably concentrically loaded [15]. The
column method represents a viable alternative that provides more
accurate results.
The purpose of this paper is to review the considerable
advances that have been made in the design of concrete walls, both
with and without openings that are subjected to eccentric axial
loads. Additionally, the performance of FRP-strengthened walls is
discussed on the basis of earlier studies. Design codes and research
studies from across the world were taken into consideration in the
analysis. Several aspects are highlighted, including the size and
position of the openings, and the roles of boundary conditions
and the wall’s geometric characteristics (i.e. slenderness k = H/t,
aspect ratio d = H/L and thickness ratio g = L/t, where H, L and t rep-
resent the wall’s height, length and thickness, respectively).A statistical analysis of available models was performed on a
database collected by the authors, and is presented in this paper.
The outcome of this study provides an overview of the perfor-
mance of current design models and identiﬁes research gaps. Over-
all, design codes were found to provide more conservative results
than recent design models proposed in other studies. Research into
the strengthening of RC walls with openings is still at an early
stage, and further studies are undoubtedly required in this area.
The ﬁndings presented herein will be used to deﬁne a new
experimental programme that aims to characterize the behaviour
of axially loaded RC walls strengthened with FRP; the results of
these investigations will be presented in a future publication.
2. Previous experimental work
The results of 253 experimental tests on RC walls reported in
the literature were compiled in a database, which is presented in
Appendices A1–A3.
In line with the aim of this study, the database contains infor-
mation on walls that were loaded gravitationally with uniformly
distributed forces applied eccentrically at a maximum of 1/6 of
their thickness. Tests on walls loaded gravitationally with eccen-
tricities greater than 1/6 of their thickness have also been reported
in the literature [16,17]. However, these results are omitted from
the database because the design of such walls is not compatible
with current industry standards. Data for walls that failed before
reaching their ultimate capacity due to incorrect laboratory
manipulation were also omitted.
2.1. Database description
The database is organized into six different sections:
(a) Name of authors and citation.
(b) Original description of the test as presented in the cited
reference.
(c) Geometrical characteristics of the tested wall: height (H),
length (L), thickness (t), number of steel reinforcement lay-
ers (n).
174 C. Popescu et al. / Engineering Structures 89 (2015) 172–190(d) Derived geometrical parameters of the tested wall: slender-
ness (k), aspect ratio (d) and thickness ratio (g).
(e) The location(s) of opening(s) in the wall, given in Cartesian
coordinates relative to the point at which the wall’s centre
of gravity would have been located if were completely solid
with no openings.
(f) Material properties of the tested wall: compressive
strength of concrete (fc), yield strength of steel reinforce-
ment (fy) and steel reinforcement ratio (qh – horizontal,
qv – vertical).
(g) Ultimate axial capacity of the tested wall (Nu) as reported in
the original reference.Fig. 2. Distribution of the main parameters included in the current database: (a) hIt should be noted that some of these parameters are referred to
by different names in the original references. However, as shown in
Fig. 1, a uniﬁed naming system was adopted in this work for the
sake of clarity.
Because both the experimental boundary conditions and the
presence of openings inﬂuence the failure modes of stressed walls,
the walls listed in the database were initially divided into four
main categories: (1) one-way (OW) solid walls (41.1%); (2) two-
way (TW) solid walls (26.1%); (3) OW walls with openings
(19.1%) and (4) TW walls with openings (13.1%). Fig. 2 summarizes
the ranges (frequency distributions between different types of
walls) covered by some of the most important parameterseight; (b) length; (c) concrete strength; (d) aspect ratio; (e) slenderness ratio.
C. Popescu et al. / Engineering Structures 89 (2015) 172–190 175recorded in the database. For example, Fig. 2e shows that 60% of
OW solid walls included in the database had slenderness values
of less than 20, 26% had a slenderness between 20 and 30, and only
14% had a slenderness higher than 30.2.2. Parameters that inﬂuence the wall’s ultimate strength
2.2.1. Boundary conditions
Walls restrained along top and bottom edges are referred to as
OW action panels. Walls that are restrained in this fashion tend to
develop a single out-of-plane curvature in parallel to the load
direction, and are usually encountered in tilt-up concrete struc-
tures. Panels restrained along three or four sides are referred to
as TW action panels. Walls restrained in this way generally deform
along both the horizontal and vertical directions and are usually
encountered in monolithic concrete structures. In all experimental
tests found in the literature, restraining elements that were applied
along the top and bottom edges were designed as hinged connec-
tions that prevented translation while allowing free rotation. The
restraining elements applied along the lateral sides were also ﬁxed
to prevent translation without restricting rotation.
Restraints can reduce the wall’s deformation and increase its
ultimate strength. The use of lateral restraints increased ultimate
strength by up to 29% for walls with d 6 1; increases of up to
68% were achieved for walls of d > 1 [19]. The data gathered in
[20] suggest that even greater increases of up to 300% are possible
when d = 1.
Boundary conditions have a dominant inﬂuence on cracking pat-
terns and failure modes. Tests on OW walls usually reveal the(e)(d)
(a) (b)
Fig. 3. Typical crack pattern and deﬂectidevelopment of a horizontal main crack along the middle of the
wall. According to Swartz et al. [21], TW walls behave similarly to
transversely loaded slabs with simple supports. Typical crack pat-
terns for walls both with and without openings are shown in Fig. 3.
2.2.2. Slenderness and aspect ratio
In general, slender walls will have a lower ultimate strength
[17,19,20,22–24]. Saheb and Desayi [22] and Saheb and Desayi
[19] proved that increasing the slenderness ratio from 9 to 27
reduces strength by 35% for OW walls and 37% for TW walls. A
separate study showed that the reduction in strength with increas-
ing slenderness was more pronounced in walls made out of high-
strength concrete than in those made of normal strength concrete
[20]. El-Metwally et al. [25] subsequently showed that the failure
mode is sensitive to both slenderness and end eccentricity.
In general, walls with a low slenderness may fail by crushing on
the compressed face and bending on the tension face, while those
with high slenderness may additionally fail through buckling. In
either case, brittle types of failure have been observed in all
experimental studies performed to date [15,16,19,20,22,24,26–29].
For OW walls the ultimate strength tends to decrease with an
increase in aspect ratio, while for TW walls the opposite trend is
found. For an increase in aspect ratio from 0.67 to 2, Saheb and
Desayi reported a 16.6% decrease in the ultimate strength of OW
walls, [22], and a 26% increase for TW walls [19].
2.2.3. Reinforcement ratio
When RC walls are subject to axial loads, reinforcement is
mainly required to offset creep and shrinkage effects in the(f)
(c)
on shape of axially loaded RC walls.
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applied loads [11–14]. When walls act as compression members
it is generally believed that the contribution of the steel reinforce-
ment should be neglected. Indeed, one of the ﬁrst experimental
studies conducted in Sweden [30] found that RC walls with the
minimum level of steel reinforcement exhibited lower than
expected ultimate strengths due to difﬁculties in compacting the
concrete. However, no such effect was observed in subsequent
studies on this phenomenon [2,15].
Pillai and Parthasarathy [15] found that varying the steel rein-
forcement ratio had a negligible inﬂuence on the ultimate strength
when the reinforcement is placed centrally within one layer. When
the reinforcement is placed in two layers, however, a signiﬁcant
increase in ultimate strength can be achieved [2,31]. With the rein-
forcement being placed in two layers it was found that an increase
in vertical reinforcement ratio from 0.175% to 0.85% caused an
increase in ultimate strength of 54–55% for panels with a slender-
ness of 12, and about 43–45% for slenderness equal to 24 [19,22].
Increasing the horizontal steel amount, on the other hand, has no
inﬂuence on the ultimate strength of the walls [19,22]. These
observations are valid for both OW and TW walls.2.2.4. Openings
The presence of openings in a wall considerably reduces its ulti-
mate load capacity relative to the equivalent solid wall. Saheb and
Desayi [18] showed that although at 75% of the ultimate load
cracking loads are higher for TW than OW walls, at ultimate load
the presence of the openings negates the advantage of having
restraints on all sides. On the other hand, Doh and Fragomeni
[27] and Fragomeni et al. [28] observed that taking the side
restraints into consideration could achieve signiﬁcant gains in
the ultimate capacity. It is believed that the differences between
the above studies, even though they are studying the same para-
meter (the effects of restraints on walls with openings), can be
explained in terms of the different layouts and opening sizes that
the studies investigated. Furthermore, it is not clear whether the
lateral restraints were able to function correctly in providing the
desired restraining effect.
The magnitude of the ultimate load is governed by the prema-
ture failure of the column or beam strips that enclose the opening,
however, how large the opening must be for the side restraints to
play an important role in the ultimate capacity is currently
unknown.Fig. 4. Forces acting on the cross-section of a wall at equilibrium.3. Design for ultimate strength
To the authors’ knowledge, the design of axially loaded RC walls
is generally based on column theory. This approach involves an
analytical derivation that considers stress–strain compatibilities
and the equilibrium of forces over the wall’s cross section, as
shown in Fig. 4. Two conditions are required for this method to
be applicable: (1) the steel reinforcement ratio has to be higher
than 1% and (2) the total amount of reinforcement has to be placed
in two layers [17]. If treated as columns, walls can be regarded as
compression members that carry mainly vertical loads. However,
pure axial loads rarely occur in practice; a small eccentricity usual-
ly exists. In such cases the walls can still be regarded as compres-
sion members because compression forces control their failure.
Fig. 4 shows a cross-section of an axially loaded wall with an
eccentricity, e, from its centreline. The distribution of the strains
along its thickness is also shown, together with the corresponding
rectangular stress distribution proposed by Mattock et al. [32]. The
width of the stress block is taken to be 0.85fc acting on the un-
cracked depth, x.The equilibrium between internal and external forces is
described by Eq. (1), together with Eq. (2), which describes the
equilibrium between internal and external moments. These
expressions can be used to compute the interaction between the
ultimate axial load, Nu, which is given by Eq. (3), and the capable
moment, Mu, which is given by Eq. (4), at any eccentricity e.X
F ¼ 0) Fc þ Fsc  Fst  Nu ¼ 0 ð1Þ
X
M¼0) Fc t2
x
2
 
þFsc t2d1
 
þFst t2d2
 
Mu¼0 ð2Þ
thus,
Nu ¼ 0:85f cðxL AstÞ þ f yAst ð3Þ
and,
Mu ¼ Fc t2
x
2
 
þ Fsc t2 d1
 
þ Fst t2 d2
 
ð4Þ
Eq. (3) is valid for walls whose slenderness does not signiﬁcant-
ly affect their ultimate capacity. These walls are generally
described in the literature as stocky or short walls with a slender-
ness of less than 15. Macgregor et al. [33] indicated that 98% of the
columns in braced frames have a slenderness of less than 12.5,
while 98% of the columns in unbraced frames have a slenderness
of less than 18. With the increased use of high-strength materials
and advanced methods for dimensioning, however, slender ele-
ments are becoming more common in current building practices
[28].
For slender elements, the predicted ultimate capacity has to be
reduced through a second-order analysis that takes into consid-
eration the material nonlinearity, cracking stages and member cur-
vature. A second-order analysis that takes into account variable
wall stiffness, as well as the effects of member curvature and later-
al drift, is proposed in all international design codes [11–14]. As an
alternative to the reﬁned second-order analysis, design may be
based on axial forces and moments obtained from the moment
magniﬁer approach. Through this method, the total design
moment according to EN 1992-1-1 [14] may be expressed as,
(a)
(b)
(a) (b)
Fig. 5. Slender elements subjected to axial load and their corresponding stress
distribution: (a) EN 1992-1-1 [14]; (b) ACI318 [11], AS3600 [12], CAN/CSA-A23.3
[13].
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where M0Ed is the ﬁrst order moment, NEd is the design value of the
axial load, NB is the critical buckling load based on nominal stiffness
and b = p2/c0 is a factor accounting for the curvature distribution
along the member, assuming that the second order moments have
a sinusoidal distribution. The c0 factor depends on the distribution
of the ﬁrst order moments and, according to EN 1992-1-1 [14],
can be approximated as c0 = 8 for a constant distribution, c0 = 9.6
for a parabolic distribution, c0 = 12 for a symmetric triangular
distribution.
Parme [34] has suggested simplifying Eqs. (5) and (6), this form
of expressing the second order effects being currently adopted in
the European norm EN 1992-1-1 [14].
MEd ¼ M0Ed1 NEd=NB ð6Þ
Robinson et al. [17] concluded that the equivalent column pro-
cedure should not be used to design RC walls with steel reinforce-
ment ratios lower than 1%, or those with central reinforcements
regardless of the reinforcement ratio (as observed in [15]). This is
because in these cases the axial capacity depends mainly on the
un-cracked wall section stiffness and the tensile strength of the
concrete in ﬂexure [17].
While the above method explicitly accounts for parameters
such as eccentricity, slenderness and creep, it tends to not be used
in practice because of its generalized form and complexity. Instead,
numerous models have been derived empirically that are simpler
but less accurate. Some of these models have been implemented
in design codes, and the details of these models are presented in
the following section.
3.1. Design models in codes
Currently the practical design of RC walls, described in stan-
dards such as ACI318 [11], AS3600 [12] or CAN/CSA-A23.3 [13] is
based on empirical models whereas EN 1992-1-1 [14] is based
on calibration against the results of non-linear analysis. The design
equation of ACI318 [11] was developed over the time with contri-
butions from several studies [15,35–38]. Its current form was ﬁrst
proposed by Kripanarayanan [35], and adopted by ACI Committee
318 [39]. Despite the subsequent completion of numerous studies,
no modiﬁcations to this formula have been implemented. The
design equation found in CAN/CSA-A23.3 [13] is similar to that of
[11], the only differences being in the design factors. Doh [40] sug-
gested that the simpliﬁed design method found in AS3600 [12] is
based on the complementary moment method recommended in
the British Concrete standard [41].
According to Hegger et al. [42] the EN 1992-1-1 [14] approach
was adapted from the work of Haller [43], a method that was
originally developed for masonry elements.
The empirical method is based on the following assumptions:
(1) the steel reinforcement will not bring any contribution to the
load capacity; (2) the tensile strength of concrete is disregarded;
(3) the wall is loaded with an eccentricity applied only at the
top. The most important differences between the design models
discussed above will now be highlighted.
Differences exist between design codes regarding how they deal
with the following parameters: variation of the compressive forces
within the stress block, eccentricities, slenderness and creep. The
ﬁrst important difference in development occurs in the assump-
tions made on the distribution of stresses within the compressed
concrete block. ACI318 [11], AS3600 [12], CAN/CSA-A23.3 [13]
deﬁne a linear stress distribution, as shown in Fig. 5a, whereas
EN 1992-1-1 [14] assume a rectangular stress distribution(Fig. 5b). The ultimate capacity is then deﬁned as the resultant
force of the stress distribution, where rc is the allowable compres-
sive stress and x is the un-cracked depth of the concrete section.
Furthermore, the initial eccentricity caused by the applied
loads, ei, is further increased by an additional one, ea, due to the lat-
eral deﬂection of the wall. This factor accounts for the effect of
slenderness, known also as second order effects (or P–D effects).
The procedure described in [11–13] to ﬁnd the maximum deﬂec-
tion at the critical wall section uses a sinusoidal curvature
(Fig. 5a), using deﬂections obtained from the bending-moment
theory [44]. Conversely a triangular curvature is assumed in [14],
a consequence of a concentrated horizontal force at the critical
point of the wall (Fig. 5b). This approach results in a linear, rather
than parabolic, deformation, which acts to reduce the predicted
ultimate capacity of slender walls [45]. For the sake of brevity
the derivations of these models are not presented in this paper,
and can be found in [40].
Most of the experimental studies involved short-term tests and
so their results are not very relevant to real walls, which are always
subject to a relatively high sustained load. Macgregor et al. [46]
showed that sustained loads tend to weaken the performance of
slender columns by increasing their deﬂections. The creep due to
sustained loads may also decrease the column’s ultimate capacity.
Consequently, the effects of creep should always be considered for
safety reasons. As shown by Doh [40], the AS3600 [12] standard
accounts for the effects of creep by increasing the ﬁrst-order eccen-
tricity by 20%. Similarly, the EN 1992-1-1 [14] standard states that
the normal effects of creep are included in its underlying model.
However, Westerberg [47] has demonstrated that the effects of
creep are not properly described in the EC model because it pro-
duces results that are inconsistent with those obtained using a
general method that explicitly accounts for creep effects.
In order to facilitate their comparison, the wall design formulas
presented in the design codes [9–12] have been rearranged into
similar forms. For codes [9–11] the original equations are derived
using an eccentricity of t/6, this assumption being used to further
rearrange the equations given below. It is unclear how the Euro-
pean norm accounts for a maximum limit of the eccentricity.
ACI318-11 [11]
Nu ¼ 0:55/ 1 kk32
 2" #
f cLt ð7Þ
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Nu ¼ 0:48/ 1 kk31:6
 2 !
f cLt ð8Þ
CSA-04 [13]
Nu ¼ 0:45/ 1 kk32
 2" #
f cLt ð9Þ
EN 1992-1-1 [14]
Nu ¼ U 1cc
f cLt where U ¼ 0:76 0:0257kk 6 0:67
kk
200
ð10Þ
The term u in Eqs. 7–9 represents the strength reduction factor
corresponding to compression-controlled sections. Its value ranges
from 0.6 for AS3600 [12] to 0.65 for both ACI318 [11] and CAN/
CSA-A23.3 [13], while for EN 1992-1-1 [14] an equivalent value
would be 1/cc, equal to 0.67.
Values for the effective height factor k are given for the most
commonly encountered restraints. The American and Canadian
codes [11,13] only take into consideration restraints applied at
the top and bottom of the wall, i.e. OW walls.
For OWwalls, restrained against rotation provided at both ends,
k, takes different values for different codes, i.e. k = 0.75 [12], k = 0.8
[11,13], k = 0.85 [14]. Unless no restraint against rotation is provid-
ed at one or both ends, the slenderness factor k equals 1.
Both Australian [12] and European [14] design codes include
the effect of the side restraints, applied to TW walls, through the
effective height factor k (Eqs. (11) and (12)). This factor is depen-
dent on the aspect ratio of the wall and is given by Eq. (11) for
walls restrained on three sides and Eq. (12) for walls restrained
on all four sides.
k ¼ 1=ð1þ d2=9Þ ð11Þ
k ¼ 1=ð1þ d2Þ if d 6 1
k ¼ 1=2d if d > 1
8><
>: ð12Þ3.2. Other models proposed by researchers
Numerous studies have attempted to further improve the
design models. Their proposed models incorporate the effects of
the slenderness, aspect and thickness ratios, boundary conditions
and steel reinforcement. The early studies that modelled RC walls
as compression members were performed by [2,15,21,35,37,38],
and subsequently reviewed by [48]. In this section only the most
recently developed models are presented, although the results
obtained from the earlier studies are included in the database
and used for the performance assessment of the current models.
In the next section, the models proposed by recent studies will
be given in chronological order. All models are abbreviated as
OWM – one-way model for solid walls, TWM – two-way model
for solid walls and OM – model for walls with openings.
3.2.1. Design equations for solid walls
3.2.1.1. Saheb and Desayi model (OWM1) [22]. To the best of the
author’s knowledge the ﬁrst systematic study of solid concrete
walls tested under both OW and TW actions was reported by Saheb
and Desayi [22]. The inﬂuence of the aspect, thickness and slender-
ness ratios, as well as the vertical and horizontal steel reinforce-
ment ratios, on the ultimate load was studied. Based on their
own experimental results and those reported in [15,37,38], an
empirical equation was proposed (Eq. (13)), valid for OW walls.In the assessment chapter (Section 4) this model is abbreviated
as OWM1.
Nu ¼ 0:55/½f cLt þ ðf y  f cÞAsv  1
k
32
 2" #
1:20 d
10
 
ð13Þ
where Asv is the area of vertical steel reinforcement.
When compared to Eq. (7) this model additionally takes into
account both the effect of the steel reinforcement and that of the
aspect ratio. However, for walls with an aspect ratio higher than
2, the effect of the aspect ratio is not accounted for (i.e. the term
(1.20 - d/10) = 1). This model has been validated for axially loaded
walls with an eccentricity of t/6 and a slenderness of up to 27.
Another important assumption was that the minimum amount of
steel reinforcement placed in two layers yields at ultimate load.
Therefore, this model may not be suitable for walls that are cen-
trally reinforced, or when the eccentricity is less than t/6.
3.2.1.2. Saheb and Desayi model (TWM1 & TWM1⁄) [19]. In the same
way as the authors did for OW panels, the inﬂuence of the aspect,
thickness and slenderness ratios, as well as the vertical and
horizontal steel reinforcement ratios, on the ultimate load was
studied for TW action panels. It was found that the ultimate load
increased as the percentage of vertical steel increased, this was
due to the reinforcement being placed in two layers. From their
results it can also be concluded that the steel ratio has a more pro-
nounced effect on the ultimate capacity when the panels have a
high slenderness.
Before the Saheb and Desayi study there were no equations for
predicting the ultimate strength of TW wall panels, because of this
the authors proposed both an empirical and a semi-empirical mod-
el. The ﬁrst one (TWM1) is an empirical formulation that was
validated using their own experimental data and that published
by Swartz et al. [21]. Shown in Eq. (14), it is limited to those panels
whose aspect ratio is between 0.5 and 2, and the maximum limit of
the thickness ratio is 60.
Nu ¼ 0:67/ 1 g120
 2 
ð1þ 0:12dÞf cLt ð14Þ
The second proposal (TWM1⁄) is a semi-empirical method (Eq.
(15)), developed from a modiﬁcation of the buckling strength the-
ory of thin rectangular metal sheets, proposed by Timoshenko and
Gere [49]. The original formulation of Timoshenko and Gere [49]
was modiﬁed by substituting the yield strength of the metal plate
with the compressive strength of the concrete wall.
Nu ¼ /cR ð15Þ
with, R ¼
f cLtþAsv f yv 1þ
Ashf yh
Asv f yv
 
g and c ¼ 0:8352g 0:0052g2, where
Asv, Ash are the areas of vertical and horizontal steel reinforcement,
respectively.
Unlike the model for OW panels, the effect of the steel rein-
forcement could not be directly accounted for because of limited
available data; however, it was included indirectly through the
term R.
3.2.1.3. Aghayere and MacGregor model [50]. A procedure for
obtaining the maximum eccentricity, ey, for a given set of loads,
Nx and Ny, was proposed by Aghayere and MacGregor [50]. By
obtaining the M–N–u relationship for sections of unit length at
the centre of the plate, one can determine the internal resisting
moments per unit length Mxi and Myi, corresponding to the max-
imum curvatures uxo and uyo, respectively. Different eccen-
tricities can be obtained for various load levels, and through
interpolation the maximum in-plane load for a given eccentricity
can be obtained [50].
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2/xo
p2
 Nxex
 !
þ Myi 
NyH
2/yo
p2
 !
þ d
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
MxiMyi
q
ð16Þ
where ex and ey give the eccentricity of the in-plane load in the x
and y directions, respectively, Nx and Ny are compressive forces
per unit length in the x and y directions, respectively, Mxi and Myi
are the internal resisting moments per unit length in the x and y
directions, respectively, and uxo and uyo give the maximum curva-
ture in the x and y directions, respectively.
The model proposed by Aghayere and MacGregor [50] takes
into account material nonlinearities including tension-stiffening
effects. Owing to its complexity and the limited information
reported in previous experimental tests, however, this model was
not included in the assessment.
3.2.1.4. Fragomeni and Mendis model (OWM2) [51]. The experimen-
tal programme undertaken by Fragomeni [52] focused on investi-
gating the axial load capacity of normal and high-strength
concrete OW walls. It was found that the ultimate load capacity
is not inﬂuenced by the minimum amount of steel reinforcement
when this reinforcement is placed centrally in one layer. It was also
found that the ultimate load capacity did increase for aspect ratios
higher than 2, in contradiction to the results reported in [22]. Sig-
niﬁcant differences exist, however, between these two studies, for
instance the concrete compressive strength and steel ratio are both
higher for the specimens tested in [52].
The proposed model [51], that suggests modiﬁcations to the
Australian code, accounts for the high strength concrete contribu-
tion through Eqs. (17a) and (17b).
Nu ¼ 0:6 tw  1:2e 2 k
2kH
2500
 !" #
f cL for f c < 50 MPa ð17aÞ
Nu ¼ tw  1:2e 2 k
2kH
2500
 !" #
30 1þ ðf c  50Þ
80
 
L for f c > 50 MPa
ð17bÞ3.2.1.5. Doh and Fragomeni model (OWM3) [20]. Following the sug-
gestions of Fragomeni [52], who took high concrete strength values
into account to increase the wall strength, Doh [40] attempted to
reﬁne the existing equation through an extensive experimental
study on OW concrete walls. The design equation that this research
produced, shown in Eq. (18), applies to walls with larger slender-
ness ratios and a variety of concrete strengths.
Nu ¼ / t  1:2e 2 k
2kH
2500
 !" #
2:0f 0:7c L ð18Þ
where the effective length factor k is k ¼ 1 for k < 27 and
k ¼ 18=k0:88 for kP 27.
This model omits the centrally placed reinforcement and the
aspect ratio effects.
3.2.1.6. Doh and Fragomeni model (TWM2) [20]. In addition to the
above tests performed on OW wall panels, Doh [40] tested walls
in TW action in order to extend the applicability of their design
equation. In this way they were able to extend Eq. (18) to include
the effects of side restraints, through the effective length factor k.
k ¼ a=ð1þ d
2Þ for d 6 1
a=2d for d > 1
(
ð19Þ
where a is an eccentricity parameter equal to,a ¼ 1=ð1 e=tÞ for k < 27
18=½ð1 e=tÞ  k0:88 for kP 27
	
ð20Þ3.2.1.7. Hegger et al. model (OWM4) [42]. Hegger et al. [42] have
proposed a new model valid for OW walls, based on the method-
ology presented in [43]. Their model is similar to [14] and, by tak-
ing into account the concrete tensile strength and material
nonlinearity, predicts an increase in ultimate capacity. This
increase is more pronounced when considering specimens of high
slenderness and eccentricity. Chen and Atsuta [53] suggested that
the tensile strength of normal concrete has a signiﬁcant effect on
the wall strength, and should therefore be taken into account when
computing ultimate strengths.
In the study Hegger et al. [42] proposed two functions for the
purposes described above, one to describe the nonlinear behaviour
of concrete material, Eq. (21), and the other to describe the linear-
elastic behaviour, Eq. (22). Eq. (21) is in accordance with the paper
of Kirtschig and Anstötz [54], and is valid only for normal strength
concrete. Eq. (22) was ﬁrst proposed by Glock [55], who showed
that the formulation is valid only for high slenderness and eccen-
tricity values, i.e. eP 0.2t.
Unon lin ¼ ð1 2e=tÞ exp  kk
ﬃﬃﬃﬃﬃﬃ
ec2
p
Að1 2e=tÞ
 B,
2
( )
ð21Þ
with ec2 ¼ 2f cd=Ec0d, A = 1.25 and B = 1.70. Here ec2 is the strain in
the concrete at the peak stress fcd and Ec0d is the design value of
the modulus of elasticity of concrete.
Ulinel¼ 12
f ctd
f cd
þ p
2Ec0d
24ðkkÞ2f cd
 16e=tþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
16e
h12ððkkÞ2=p2Ec0dÞf ctd
 !2
þ48 ðkkÞ
2
p2Ec0d
f ctd
vuut
2
64
3
75 ð22Þ
The maximum value between Unon lin and Ulin-el has to be used
in connection with Eq. (23) with a minimum eccentricity of
e = 0.2t, suggesting that the formula would be suitable for higher
eccentricities as well.
Nu ¼ Uf cdLt ð23Þ
This model requires speciﬁc material characteristics, namely
the tensile strength and modulus of elasticity of concrete, and as
such information is limited in the experimental test reports it is
difﬁcult to test the model precisely. Instead the required character-
istics where estimated using the equations proposed in ﬁb Model
Code 2010 [56].
3.2.1.8. Ganesan et al. model (OWM5) [23]. In two recent studies,
Ganesan et al. [23,24] tested wall panels under OW action to study
the axial strength of steel ﬁber reinforced concrete and geopolymer
concrete. The authors reported that if the slenderness is kept con-
stant, the ultimate strength of the concrete panels decreases as the
aspect ratio increases. Their proposed model is similar to the one
developed by Saheb and Desayi [22], including both the effect of
the steel reinforcement and that of the aspect ratio. The specimens
used to derive the model, however, had aspect ratios lower than 2,
meaning that for higher values the model may not be valid.
Nu¼0:56/½f cLtþðf y f cÞAsv  1þ
k
29
 
 k
26
 2" #
1 d
11
  
ð24Þ
Furthermore, due to the differences between the material char-
acteristics of the concrete, the authors suggested new modiﬁca-
tions to Eq. (24). Eq. (25) is suitable for reinforced geopolymer
concrete walls under OW action.
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 2" #
1 d
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  
ð25Þ3.2.1.9. Robinson et al. model (OWM6) [17]. From experimental
results obtained in a series of tests performed on slender OW wall
panels Robinson et al. [17] found that current design methodolo-
gies are considerably conservative. The authors devised a new
model using the semi-empirical semi-probabilistic DAT (Design
Assisted by Testing) methodology [57], based on the ‘‘lumped
plasticity’’ concept. This concept allows the entire inelasticity of
the element to be concentrated at the critical section, using a
‘‘non-linear’’ ﬁbre hinge [17].
The model (Eq. (26)) has been validated using their experimen-
tal data, and was calibrated using statistical techniques.
Nu ¼ 12
10
e
 k
100e
 4  104  k2
 
 f cLt ð26Þ3.2.2. Design equations for walls with openings
The design codes that have been reviewed above [11–14] do not
provide design equations to evaluate the axial strength of a con-
crete wall that contains openings. There is very little information
in the research literature, therefore, probably due to the complex
failure mechanisms of such elements. Some guidelines are provid-
ed, such as in AS3600 [12] and EN 1992-1-1 [14]. These state that if
the walls are restrained on all sides, and enclose an opening with
an area less than 1/10 of the total, the effects of this opening on
the axial strength can be neglected. The height of the opening
should also be less than 1/3 of the wall height. If these conditions
are not accomplished, the portion between restraining member
and opening has to be treated as being supported on three sides,
and the area between the openings (if more than one) has to be
treated as being supported on two sides. This approach is only
valid if the openings are included at the early stages of the design,
as special reinforcement bars have to be placed around openings to
avoid premature failure. No recommendations are given, therefore,
if the openings are created in an existing wall.
3.2.2.1. Saheb and Desayi model (OM1) [18]. The effect of one or two
openings, placed either symmetrically or asymmetrically, and
combinations of door or window openings, have been studied by
Saheb and Desayi [18]. To extend the usefulness of their empirical
method to account for the presence, size and location of an open-
ing, the authors proposed a new equation that is given below.
Nuo ¼ ðk1  k2axÞNu ð27Þ
where Nu is the ultimate load of an identical panel without openings
under OW (Eq. (13)) or TW action (Eq. (14)). The constants k1 and k2
were obtained using curve-ﬁtting techniques. Under OW action this
procedure yields k1 = 1.25 and k2 = 1.22, while under TW action
k1 = 1.02 and k2 = 1.00. The effect of the size and location of the
opening in the wall is taken into account through a dimensionless
parameter, ax, deﬁned as,
ax ¼ A0xAx þ
a
L
ð28Þ
where A0x and Ax represent the horizontal wall cross-sectional area
of the opening (i.e. A0x = L0t) and of the solid wall (i.e. Ax = Lt),
respectively. All parameters involved in Eq. (28) can be easily deter-
mined from Fig. 1, however, for simplicity the term a is calculated
according to Eq. (29).
a ¼ L
2t=2 L0ta0
Lt  L0t ð29Þ3.2.2.2. Doh and Fragomeni model (OM2) [27]. Based on a new series
of tests on walls with openings under both OW and TW actions,
Doh and Fragomeni [27] proposed a new set of constants for Eq.
(27). The only differences between this model and the Saheb and
Desayi model (OM1) are:
– Provide different values for the constants, based on a new set of
experimental tests.
– The ultimate load of the solid wall is calculated according to Eq.
(18).
Again, the constants k1 and k2 were obtained using curve-ﬁtting
techniques, this time through a larger number of tests. For OW
panels this yielded k1 = 1.175 and k2 = 1.188, while for TW panels
k1 = 1.004 and k2 = 0.933.
While the differences between these constants are not large, the
main contributor to the ultimate load comes from the load capacity
of the solid wall, which is calculated in a different way. Both mod-
els take into account the size and position of an opening through
the parameter ax, allowing a reduction in the ultimate capacity.
Fragomeni et al. [28] found that this model gives results in good
agreement with the test results from another experimental study
[58].
3.2.2.3. Guan et al. model (OM3) [59]. Guan et al. [59] found that
increasing both the length and the height of an opening has the
most signiﬁcant effect on the capacity, and proposed a new model
to account for this effect. Having established a benchmark model,
the authors performed a parametric study by varying the para-
meters that the capacity was most sensitive to. Their analysis pro-
ceeded through a nonlinear ﬁnite element method. In the model a
three-dimensional stress state was used with elastic brittle frac-
ture behaviour for concrete in tension, and a strain hardening plas-
ticity approach was assumed for concrete in compression. Their
model is nearly identical to that proposed by Doh and Fragomeni
(OM2), the only difference being that ax was changed to axy to
account for the opening height.
axy ¼ ax þ cay1þ c ð30Þ
where
ay ¼ A0yAy þ
d
H
ð31Þ
in which A0y represents the vertical cross-sectional area of the
opening (i.e. A0y = H0t), Ay represents the vertical cross-sectional
area of the solid wall (i.e. Ay = Ht) and d represents the distance
between centres of gravity (G1 and G3) of the wall with and with-
out the opening, in the vertical direction (Fig. 1). In Eq. (30), c rep-
resents ‘‘the weighting ratio indicating the percentage of ay in
relation to ax’’. Using regression analysis, a new set of constants
was determined; c = 0.21, k1 = 1.361 and k2 = 1.952 for OW walls
and c = 0.40, k1 = 1.358 and k2 = 1.795 for TW walls. It should be
noted that this model was derived from walls with a ﬁxed slender-
ness ratio (i.e. k = 30) and an aspect ratio of unity.
3.2.2.4. Mohammed et al. model [4]. In a more recent study,
Mohammed et al. [4] tested OW walls with cut-out openings.
The size of the openings was varied from 5% to 30% of the solid
wall. It was found that the presence of a cut-out opening in a solid
OW wall led to the formation of disturbance zones. Discontinuities
in these disturbance zones cause high stresses in the concrete, and
cracks will form at the corners of the opening if improperly
reinforced.
Fig. 6. Comparison of different design models in the investigated codes [11–14] for
OW solid walls.
Table 1
Statistical summary for OW models of the solid walls.
Model One-way solid walls
Avg St Dev CoV (%) R2
ACI318 [11] 0.69 0.25 36 0.91
AS3600 [12] 0.59 0.22 38 0.90
CSA-04 [13] 0.57 0.20 36 0.91
EC2 [14] 0.62 0.24 39 0.87
OWM1 [22] 0.77 0.28 37 0.90
OWM2 [51] 0.59 0.25 37 0.90
OWM3 [20] 0.74 0.20 27 0.94
OWM4 [42] 0.89 0.17 19 0.98
OWM5 [23] 1.10 0.35 32 0.92
OWM6 [17] 1.24 0.68 55 0.68
OWM6⁄ [17] 1.10 0.41 37 0.82
C. Popescu et al. / Engineering Structures 89 (2015) 172–190 181For this case, Mohammed et al. [4] suggested a new set of con-
stants to be used in Eq. (27). The authors tested one-way panels
only, obtaining k1 = 1.281 and k2 = 0.737. It should be noted that
Eq. (27), proposed by Saheb and Desayi [19], considers steel rein-
forcement placed in two layers that yields at ultimate, whereas
the experimental programme presented in [4] consisted only of
centrally reinforced panels.
Since the model was calibrated on walls with cut-out openings
(i.e. no diagonal bars around corners) it cannot be assessed through
the current database. However, the results of the experiments by
Mohammed et al. [4] were incorporated into the current database
and used in the assessment of other models (i.e. OM1, OM2, and
OM3).4. Assessment of existing design models
The empirical design models reviewed above were derived
using a limited number of either experimental tests or numerical
simulations. Some models were developed solely from tests per-
formed by the researchers themselves, while others additionallyFig. 7. Assessment of the current design models of one-way solid waused tests from other sources, therefore the predictions of the lat-
ter may give more reasonable outcomes by covering a broader
spectrum of designs. The studies focussed on either the variation
of geometric characteristics (i.e. slenderness, aspect ratio, size
and position of the opening) or the variation of material properties
(i.e. concrete strength, inﬂuence of steel reinforcement). If one has
to design a compression member under conditions that were not
speciﬁcally covered by any of the available design models, then it
remains unclear how accurate the models will be. In order to quan-
tify this a statistical analysis was performed on each model in turn,
using all of the experimental results available (these are included
in Appendices A1–A3), unless the model explicitly speciﬁes its lim-
iting parameters.
The accuracy of the models was evaluated using the following
statistical indicators; the average (Avg), the standard deviation
(St Dev) which measures the amount of variation from the average,
the coefﬁcient of variation (CoV) which shows the extent of varia-
tion and the coefﬁcient of determination (R2) that indicates how
well the data ﬁt a model within a 95% conﬁdence interval.
The analysis was conducted separately for solid OW action,
solid TW action and for walls with openings. For all models, the
material strength reduction factor, u, was set to 1.0.4.1. Assessment of predicted values for OW solid walls
Fig. 6 shows the normalized strength versus slenderness, as pre-
dicted by the investigated design codes for a typical wall that is
assumed to be loaded axially with an eccentricity of t/6 and has
a strength reduction factor u = 1. ACI318 [11] model provides
higher loads for slenderness values above 10 when compared to
EN 1992-1-1 [14].lls: (a) design codes; (b) design equation from different studies.
Fig. 8. Comparison of different design models in the investigated codes [12,14] for
TW solid walls.
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lowest load values for slenderness values lower than 15, above this
value the load value predictions increase above those of EN 1992-
1-1 [14], while remaining lower than ACI318 [11].
The limits of the slenderness values given in the codes are also
plotted in Fig. 6. Beyond these limits, presumably imposed by the
data available at the time of development, the models are not accu-
rately calibrated and can yield negative values for the normalized
strength. Recent studies have shown that the slenderness limit
can be increased with conﬁdence [15,17,23,40], however, suggest-
ing that there is a need to update the current design codes.
How these models perform when assessed using experimental
tests from the database is shown in Fig. 7a and b. While code mod-
els [11–14] present a natural degree of conservationism, due to
statistical calibration, the trend is opposite for the models present-
ed in the literature [17,20,22,23,51] (see Fig. 7b). A statistical sum-
mary for these models is presented in Table 1. Overall, the most
conservative model is that proposed by CAN/CSA-A23.3 [13], with
an average ratio between theoretically and experimentally deter-
mined capacity of 0.57 and a standard deviation of 0.20. The leastFig. 9. Assessment of the current design models of two-way solid waconservative model is OWM6 [17], with an average ratio between
theoretically and experimentally determined capacities of 1.24 and
a standard deviation of 0.68. However, most of the extreme non-
conservative results for the later model come from walls made of
high-strength concrete. Since this aspect was not discussed in
[17], the authors assumed that using the OWM6 model for normal
strength concrete would provide better results. The new results
obtained excluding high-strength concrete values are abbreviated
as OWM6⁄ and are listed in Table 1. The model proposed by Hegger
et al. [42] (OWM4) is the most statistically accurate, with an aver-
age ratio between the theoretically and experimentally determined
capacities of 0.89 and a standard deviation of 0.17.4.2. Assessment of predicted values for TW solid walls
In the case of TW walls, EC2 and AS3600 are the only major
codes that provide a methodology to account for a higher capacity
due to restraints on all sides. It remains unclear whether the
limitations placed on the slenderness values in these models
(k = 25 [14] and k = 30 [12]) apply only to OW walls or to both
OW and TW walls. By plotting both models with aspect ratios usu-
ally encountered in practice, one can observe that such limitations
would be highly restrictive. The way that these codes account for
lateral restraints is by using a subunitary coefﬁcient (k), based on
the end-restraint of the wall and its aspect ratio (Eqs. (11) and
(12)). Signiﬁcant increases in strength can be achieved by restrain-
ing the walls on all their sides, as can be observed in Fig. 8.
Fewer testes were carried out on walls restrained on all sides;
correspondingly less models are also available. The performances
of these models are shown in Fig. 9a for design codes and Fig. 9b
for models found in the literature.
The outliers in Fig. 9a (EC2 and AS3600) and Fig. 9b (TWM1 and
TWM1⁄), enclosed by the ellipsoids, originated from walls made of
high-strength concrete. In addition, the tests were performed in a
horizontal position with the eccentricity acting in favour of the
strength, due to effect of gravity, and are consequently extremely
non-conservative. A statistical summary for these models is pre-
sented in Table 2. The most conservative model is that proposed
by AS3600 [12], with an average ratio between the theoretically
and experimentally determined capacities of 0.71 and a standard
deviation of 0.40. The least conservative model is TWM1⁄ [19],
with an average ratio between the theoretically and experimental-
ly determined capacities of 1.44 and a standard deviation of 0.87.
The most accurate model in terms of average ratio is TWM2 [20],
however, a relatively high standard deviation of 0.30 weakens its
precision.lls: (a) design codes; (b) design equation from different studies.
Table 2
Statistical summary for TW models of the solid walls.
Model Two-way solid walls
Avg St Dev CoV (%) R2
AS3600 [12] 0.71 0.40 56 0.81
EC2 [14] 0.80 0.38 47 0.83
TWM1 [19] 1.35 0.84 62 0.80
TWM1⁄ [19] 1.44 0.87 61 0.79
TWM2 [20] 0.95 0.30 32 0.89
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The ﬁrst model to include the effect of the openings, OM1 [18],
was derived using six OW and six TW specimens, while model
OM2 [27] was derived using ten OW and ten TW specimens. The
model OM3 [59] was calibrated on thirty-six OW and thirty-seven
TW specimens. The number of tests used to calibrate these models,
therefore, is rather limited. This means that their predictive value
may not extend to the design of openings in walls with different
material and geometric characteristics.4.3.1. OW walls with openings
The OM1 model provides the most conservative results, with
the smallest value of the average ratio between the theoretically
and experimentally determined capacities of 0.77 and a standard
deviation of 0.16, while the best model in terms of average is
OM2, i.e. 0.95 with a standard deviation of 0.19. The performances
of these models are shown in Fig. 10 and the statistical summary is
presented in Table 3.Fig. 10. Assessment of design equations for one-way and two-way wal4.3.2. TW walls with openings
Owing to its limited number of tests, OM1 model shows a large
scatter from the bisector for those walls restrained on all their
sides. A signiﬁcantly more accurate model is OM2, with an average
of 0.90 and a standard deviation of 0.13, proposed by Doh and Fra-
gomeni [27].5. FRP – based strengthening
The successful application of FRP to strengthen solid concrete
walls has been achieved in several studies [60–62]. All of them per-
formed a rehabilitation of structural walls using externally bonded
FRPs to increase the ﬂexural and/or shear strength, stiffness and
energy dissipation. The creation of large openings in walls removes
a signiﬁcant quantity of concrete and steel reinforcement, neces-
sarily reducing the load capacity of the wall. FRPs are able to
strengthen such walls by redistributing the stresses, allowing the
wall to recover almost its full capacity before the opening was cre-
ated, if not more [3,4,63,64].
As the size of the opening increases, the global behaviour of the
wall will change to that of a frame, and consequently new failure
modes may arise. This has an inﬂuence on the optimal strengthen-
ing conﬁguration. The research conducted so far on strengthening
structural members with openings, such as slabs, walls or beams,
using FRPs is promising [3,4,63,65–67]. The alignment of the ﬁbres
was based on observations of the failure modes of the un-strength-
ened elements. Usually the FRP material is placed around openings
in a vertical, horizontal or inclined alignment, or a combination of
these. In some cases the side strips were fully or partially wrapped
to provide conﬁnement. In general, the amount of FRPs were cho-
sen intuitively, or by converting the amount of steel reinforcementls with openings. (a) OM1 model; (b) OM2 model; (c) OM3 model.
Table 3
Statistical summary for OW & TW walls with openings.
Model One-way action
Avg St Dev CoV (%) R2
OM1 [18] 0.77 0.16 21 0.96
OM2 [27] 0.95 0.19 20 0.98
OM3 [59] 0.83 0.24 29 0.98
Two-way action
Avg St Dev CoV (%) R2
OM1 [18] 1.76 0.42 26 0.96
OM2 [27] 0.90 0.13 14 0.98
OM3 [59] 0.99 0.20 20 0.98
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that the optimization of the direction, width, and number of layers
of the FRP strips by using a strut-and-tie model can provide rigor-
ous results.
Mohammed et al. [4] tested 1/3-scale one-way RC walls with
cut out openings, these openings having areas varying from 5% to
30% of the total wall area. The specimens were tested with a uni-
formly distributed axial load applied with an eccentricity of t/6.
The introduction of small openings (5% area) reduced the axial
capacity by 9%, while large openings (30% area) reduced the capa-
city by nearly 33%. While keeping the same geometric characteris-
tics and applying two different CFRP patterns (see Fig. 11), the
capacity was increased as the principal stresses on the opening
corners were reduced. When applied to small openings the ﬁrst
pattern, in which the CFRP was applied around the corners,
increased the axial strength by 49.9%. The second pattern, with
CFRP placed at the corners, performed better on small openings,
causing an increase in axial strength of 75.4%. When applied to
large openings, however, the efﬁciency of these reinforcements
was signiﬁcantly reduced, with 11.3% and 15.1% increases for the
ﬁrst and second patterns, respectively. This conﬁrms the afore-Fig. 11. CFRP patterns used to strengthen axially loaded RC walls with openings
(adapted from [4]).mentioned claim that different sized openings lead to different fail-
ure modes, and consequently require different strengthening
patterns. A conﬁguration that may yield better results for large
openings would be to fully wrap the side chords, as their thickness
ratio was slightly above 2. EN 1992-1-1 [14] emphasizes that ele-
ments with a thickness ratio below 4 should be considered as col-
umns rather than walls.
The research conducted so far on the rehabilitation of walls
using FRPs was promising, however, the repaired walls were load-
ed principally in the horizontal direction to simulate the effects of
earthquakes. The proposed strengthening schemes, therefore, may
not be suitable for the repair of gravitationally loaded walls, and
more research is required with the loads applied vertically.
Just one study was found in the literature that focused on using
FRPs to strengthen axially loaded RC walls with cut-out openings
[4]. In order to better understand the structural behaviour of such
a conﬁguration, therefore, more studies are required. To this end a
research programme at the Luleå University of Technology is cur-
rently underway. This study will test a number of concrete walls
with different parameters, such as size opening and strengthening
conﬁgurations, under TW action. The results are expected to be
published upon completion of the study.6. Conclusions and future directions
Through the statistical analysis of existing experimental studies
this study indicated areas where further testing is required in order
to enhance the reliability of current design models. It was found
that most experimental studies have focussed on testing RC walls
under OW action, with a ﬁxed eccentricity of t/6. Fewer tests exist
on walls under TW action, walls with openings or different eccen-
tricities, and more tests are required in these experimental regimes
to facilitate the development of appropriate design models. The
current database is useful because it highlights areas where the
current literature is lacking, and where systematic studies could
provide important insights into the behaviour of wall types that
are poorly understood (e.g. walls with eccentricities above t/6 or
OW solid walls with high slenderness ratios) or the effects of para-
meters that are not well covered by existing design provisions (e.g.
the presence of an opening or the inﬂuence of steel reinforcement).
The design of the experimental programme has a signiﬁcant
role in determining the accuracy of the regression-based models
derived. Although the design is carried out assuming a perfect
hinge, laboratory evidence shows that neither a perfect hinge nor
a full rotation restraint could be achieved in the laboratory envi-
ronment, much less in practice. All design models empirically
derived from such tests, therefore, will necessarily contain a cer-
tain level of inaccuracy.
Since the simpliﬁed methods assume that the walls are unrein-
forced elements, the contribution of any steel reinforcement is dis-
regarded. This occurs regardless of the location of the steel mesh
layer, or if the reinforcement is placed in one or two layers. For
centrally reinforced walls this seems to be valid, although in some
cases it may bring some ductility at higher loads. For double-rein-
forced walls, however, the enhanced capacity should be accounted
for, even when the steel ratio is at a minimum level.
The design models found in established design codes provide
the most conservative results, while those proposed in other stud-
ies showed a certain level of non-conservatism. However, all
design models were plotted using u = 1, while a carefully chosen
safety factor should be used in practice.
FRPs have been recognised as a viable alternative for the
strengthening of concrete structures. The potential applications
of FRPs in strengthening walls that have been weakened by new
openings need to be further studied. There are only a few research
C. Popescu et al. / Engineering Structures 89 (2015) 172–190 185studies in the literature on the FRP strengthening of walls with
openings, and almost all the experimental tests involved wall
openings that were initially planned. The case of RC walls with
cut-out openings is still largely unexplored, with just one research
study focussing on this problem [4]. Currently there are no design
philosophies or reliable theoretical guidelines for calculating the
capacity of strengthened walls in the literature. Safe and clear
design procedures for strengthening walls with openings are need-
ed. In the bullet points listed below the main gaps in the research
literature, that require further study, are presented.
1. Openings can be of different sizes and may have different posi-
tions with respect to a reference point of the RC wall. Therefore,
it is natural to ask: How do these parameters inﬂuence the FRP
contribution to the overall capacity of the wall?
2. What are the efﬁciencies of different FRP strengthening con-
ﬁgurations and systems (sheets, plates or bars) when strength-
ening RC walls with openings?
3. How does the failure mechanism of an RC wall with an opening
change after strengthening with FRP?Table A1
Refs. Designation Geometrical dimensions
H t L d k
(mm) (mm) (mm)
Pillai and Parthasarathy [15] A1 1200 40 400 3 30
A2 1200 48 500 2.4 25
A3 1200 60 550 2.2 20
A5 800 80 700 1.1 10
A6 400 80 700 0.6 5
B1 1200 40 400 3 30
B2 1200 48 500 2.4 25
B3 1200 60 560 2.1 20
B4 1200 80 700 1.7 15
B5 800 80 700 1.1 10
B6 400 80 700 0.6 5
C1 1200 40 400 3 30
C2 1200 48 500 2.4 25
C3 1200 60 560 2.1 20
C4 1200 80 700 1.7 15
C5 800 80 700 1.1 10
C6 400 80 700 0.6 5
Saheb and Desayi [22] WAR-1 600 50 900 0.7 12
WAR-2 600 50 600 1 12
WAR-3 600 50 400 1.5 12
WAR-4 600 50 300 2 12
WSR-1 450 50 300 1.5 9
WSR-2 600 50 400 1.5 12
WSR-3 900 50 600 1.5 18
WSR-4 1350 50 900 1.5 27
WSTV-2 600 50 900 0.7 12
WSTV-3 600 50 900 0.7 12
WSTV-4 600 50 900 0.7 12
WSTV-5 1200 50 800 1.5 24
WSTV-6 1200 50 800 1.5 24
WSTV-7 1200 50 800 1.5 24
WSTV-8 1200 50 800 1.5 24
WSTH-2 600 50 900 0.7 12
WSTH-3 600 50 900 0.7 12
WSTH-4 600 50 900 0.7 12
WSTH-6 1200 50 800 1.5 24
WSTH-7 1200 50 800 1.5 24
WSTH-8 1200 50 800 1.5 24
Fragomeni [52] 1a 1000 50 200 5 20
1b 1000 50 200 5 20
2a 1000 50 300 3.3 20
2b 1000 50 300 3.3 20
3a 1000 40 200 5 25
3b 1000 40 200 5 254. When designing RC walls with openings, engineers tend to
adopt a simpliﬁed method by dividing the wall openings into
isolated columns connected by beams. While this method pro-
vides acceptable results it is overly conservative, and it would
be beneﬁcial to know how to delineate small and large openings
in walls, and where the transition from RC walls to RC frames
should occur in the design of structural elements.
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Appendix A
See Tables A1–A3.Material properties Capacity
g e n qv fyv qh fyh fc Nu
(%) (MPa) (%) (MPa) (MPa) (kN)
10 t/6 1 0.156 273 0.250 273 25.0 229
10.4 t/6 1 0.150 233 0.241 233 25.0 367
9.2 t/6 1 0.153 233 0.244 233 20.8 382
8.8 t/6 1 0.150 347 0.241 347 20.8 932
8.8 t/6 1 0.150 347 0.250 347 15.6 647
10 t/6 1 0.300 233 0.500 233 24.3 282
10.4 t/6 1 0.300 233 0.500 233 24.3 402
9.3 t/6 1 0.301 233 0.500 233 31.1 616
8.8 t/6 1 0.300 347 0.500 347 22.8 883
8.8 t/6 1 0.300 347 0.500 347 22.8 971
8.8 t/6 1 0.300 347 0.500 347 15.6 559
10 t/6 1 0 0 0 0 31.0 277
10.4 t/6 1 0 0 0 0 20.6 343
9.3 t/6 1 0 0 0 0 24.0 490
8.8 t/6 1 0 0 0 0 24.0 789
8.8 t/6 1 0 0 0 0 22.5 785
8.8 t/6 1 0 0 0 0 16.9 735
18 t/6 2 0.2 297 0.199 286 17.9 484
12 t/6 2 0.173 297 0.199 286 17.9 315
8 t/6 2 0.173 297 0.199 286 17.9 198
6 t/6 2 0.173 297 0.199 286 17.9 147
6 t/6 2 0.165 297 0.199 286 17.3 214
8 t/6 2 0.165 297 0.199 286 17.3 254
8 t/6 2 0.165 297 0.199 286 17.3 299
18 t/6 2 0.165 297 0.199 286 17.3 374
18 t/6 2 0.331 286 0.199 286 20.1 535
18 t/6 2 0.528 581 0.199 286 20.1 584
18 t/6 2 0.845 570 0.199 286 20.1 704
16 t/6 2 0.177 297 0.199 286 18.3 339
16 t/6 2 0.335 286 0.199 286 18.3 399
16 t/6 2 0.528 581 0.199 286 18.3 463
16 t/6 2 0.856 570 0.199 286 18.3 503
18 t/6 2 0.173 297 0.352 581 19.6 538
18 t/6 2 0.173 297 0.440 581 19.6 528
18 t/6 2 0.173 297 0.507 570 19.6 528
16 t/6 2 0.176 297 0.352 581 16.1 349
16 t/6 2 0.176 297 0.440 581 16.1 344
16 t/6 2 0.176 297 0.507 570 16.1 349
4 t/6 1 0.250 450 0.250 450 40.7 162
4 t/6 1 0.250 450 0.250 450 58.9 187
6 t/6 1 0.250 450 0.250 450 42.4 232
6 t/6 1 0.250 450 0.250 450 65.4 264
5 t/6 1 0.310 450 0.280 450 37.1 100
5 t/6 1 0.310 450 0.280 450 54.0 168
(continued on next page)
Table A1 (continued)
Refs. Designation Geometrical dimensions Material properties Capacity
H t L d k g e n qv fyv qh fyh fc Nu
(mm) (mm) (mm) (%) (MPa) (%) (MPa) (MPa) (kN)
4a 1000 40 300 3.3 25 7.5 t/6 1 0.210 450 0.280 450 35.7 199
4b 1000 40 300 3.3 25 7.5 t/6 1 0.210 450 0.280 450 54.0 217
5a 1000 40 500 2 25 12.5 t/6 1 0.250 450 0.280 450 35.7 201
5b 1000 40 500 2 25 12.5 t/6 1 0.250 450 0.280 450 59.7 269
6a 600 40 200 3 15 5 t/6 1 0.310 450 0.260 450 38.3 163
6b 600 40 200 3 15 5 t/6 1 0.310 450 0.260 450 67.4 178
7a 600 40 150 4 15 3.8 t/6 1 0.260 450 0.260 450 32.9 111
7b 600 40 150 4 15 3.8 t/6 1 0.260 450 0.260 450 45.1 132
8a 420 35 210 2 12 6 t/6 1 0.320 450 0.260 450 39.6 158
8b 420 35 210 2 12 6 t/6 1 0.320 450 0.260 450 67.4 233
Doh [40] OWNS2 1200 40 1200 1 30 30 t/6 1 0.310 500 0.310 500 35.7 253
OWNS3 1400 40 1400 1 35 35 t/6 1 0.310 500 0.310 500 52.0 427
OWNS4 1600 40 1600 1 40 40 t/6 1 0.310 500 0.310 500 51.0 442
OWHS2 1200 40 1200 1 30 30 t/6 1 0.310 500 0.310 500 78.2 483
OWHS3 1400 40 1400 1 35 35 t/6 1 0.310 500 0.310 500 63.0 442
OWHS4 1600 40 1600 1 40 40 t/6 1 0.310 500 0.310 500 75.9 456
Ganesan et al. [23] OWSFN-1 480 40 320 1.5 12 8 t/6 1 0.880 445 0.740 445 42.3 299
OWSFN-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 42.3 323
OWSFN-3 840 40 560 1.5 21 14 t/6 1 0.880 445 0.740 445 42.3 476
OWSFN-4 1200 40 800 1.5 30 20 t/6 1 0.880 445 0.740 445 42.3 451
OWAFN-1 600 40 320 1.9 15 8 t/6 1 0.880 445 0.740 445 42.3 235
OWAFN-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 42.3 343
OWAFN-3 600 40 560 1.1 15 14 t/6 1 0.880 445 0.740 445 42.3 486
OWAFN-4 600 40 800 0.8 15 20 t/6 1 0.880 445 0.740 445 42.3 667
OWSFS-1 480 40 320 1.5 12 8 t/6 1 0.880 445 0.740 445 42.3 309
OWSFS-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 42.3 363
OWSFS-3 840 40 560 1.5 21 14 t/6 1 0.880 445 0.740 445 41.3 491
OWSFS-4 1200 40 800 1.5 30 20 t/6 1 0.880 445 0.740 445 41.3 476
OWAFS-1 600 40 320 1.9 15 8 t/6 1 0.880 445 0.740 445 41.3 250
OWAFS-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 41.3 363
OWAFS-3 600 40 560 1.1 15 14 t/6 1 0.880 445 0.740 445 41.3 510
OWAFS-4 600 40 800 0.8 15 20 t/6 1 0.880 445 0.740 445 41.3 711
Ganesan et al. [24] OPCSR-1 480 40 320 1.5 12 8 t/6 1 0.880 445 0.740 445 42.3 279
OPCSR-1 480 40 320 1.5 12 8 t/6 1 0.880 445 0.740 445 42.3 290
OPCSR-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 42.3 330
OPCSR-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 42.3 328
OPCSR-3 840 40 560 1.5 21 14 t/6 1 0.880 445 0.740 445 42.3 435
OPCSR-3 840 40 560 1.5 21 14 t/6 1 0.880 445 0.740 445 42.3 429
OPCAR-1 600 40 320 1.9 15 8 t/6 1 0.880 445 0.740 445 42.3 228
OPCAR-1 600 40 320 1.9 15 8 t/6 1 0.880 445 0.740 445 42.3 233
OPCAR-2 600 40 560 1.1 15 14 t/6 1 0.880 445 0.740 445 42.3 441
OPCAR-2 600 40 560 1.1 15 14 t/6 1 0.880 445 0.740 445 42.3 451
GPCSR-1 480 40 320 1.5 12 8 t/6 1 0.880 445 0.740 445 41.3 261
GPCSR-1 480 40 320 1.5 12 8 t/6 1 0.880 445 0.740 445 41.3 251
GPCSR-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 41.3 310
GPCSR-2 600 40 400 1.5 15 10 t/6 1 0.880 445 0.740 445 41.3 319
GPCSR-3 840 40 560 1.5 21 14 t/6 1 0.880 445 0.740 445 41.3 420
GPCSR-3 840 40 560 1.5 21 14 t/6 1 0.880 445 0.740 445 41.3 409
GPCAR-1 600 40 320 1.9 15 8 t/6 1 0.880 445 0.740 445 41.3 232
GPCAR-1 600 40 320 1.9 15 8 t/6 1 0.880 445 0.740 445 41.3 210
GPCAR-2 600 40 560 1.1 15 14 t/6 1 0.880 445 0.740 445 41.3 445
GPCAR-2 600 40 560 1.1 15 14 t/6 1 0.880 445 0.740 445 41.3 440
Robinson et al. [17] 7 2500 100 500 5 25 5 t/6 1 – – – – 51.5 871
8 2500 100 500 5 25 5 t/6 1 – – – – 51.5 858
9 2800 100 500 5.6 28 5 t/6 1 – – – – 52.4 692
10 2800 100 500 5.6 28 5 t/6 1 – – – – 52.4 683
11 3000 100 500 6 30 5 t/6 1 – – – – 51.6 582
12 3000 100 500 6 30 5 t/6 1 – – – – 51.6 597
13 3000 100 500 6 30 5 t/6 1 – – – – 51.6 572
14 3000 100 500 6 30 5 t/6 1 – – – – 51.6 568
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Table A2
Refs. Designation Geometrical dimensions Material properties Capacity
H t L d k g e n qv fyv qh fyh fc Nu
(mm) (mm) (mm) (%) (MPa) (%) (MPa) (MPa) (kN)
Sanjayan and Maheswaran [16] 2 2000 50 1500 1.3 40 30 t/6 1 0.850 513 0.850 513 80.5 1256.0
3 2000 50 1500 1.3 40 30 t/6 1 0.850 513 0.850 513 86.5 1435.0
5 2000 50 1500 1.3 40 30 t/6 1 0.850 513 0.850 513 77.5 871.0
6 2000 50 1500 1.3 40 30 t/6 1 1.690 513 1.690 513 77.5 1510.0
8 2000 50 1500 1.3 40 30 t/6 1 1.690 513 1.690 513 82.5 1533.0
Swartz et al. [21] 1 2438 25.4 1219 2 96 48 0 1 0.200 530 0.200 530 26.9 490.2
2 2438 25.4 1219 2 96 48 0 1 0.200 530 0.200 530 26.2 506.7
3 2438 25.4 1219 2 96 48 0 2 0.500 530 0.200 530 21.8 444.4
4 2438 25.4 1219 2 96 48 0 2 0.500 530 0.200 530 23.7 534.2
5 2438 25.4 1219 2 96 48 0 2 0.750 530 0.200 530 22.7 623.6
6 2438 25.4 1219 2 96 48 0 2 0.750 530 0.200 530 24.5 691.7
7 2438 25.4 1219 2 96 48 0 2 1.000 530 0.200 530 25.4 640.1
8 2438 25.4 1219 2 96 48 0 2 1.000 530 0.200 530 22.1 455.1
9 2438 31.8 1219 2 77 38 0 1 0.200 530 0.200 530 17.7 625.9
10 2438 31.8 1219 2 77 38 0 1 0.200 530 0.200 530 18.3 696.2
11 2438 31.8 1219 2 77 38 0 2 0.500 530 0.200 530 16.6 636.5
12 2438 31.8 1219 2 77 38 0 2 0.500 530 0.200 530 17.9 639.7
13 2438 31.8 1219 2 77 38 0 2 0.750 530 0.200 530 17.6 512.0
14 2438 31.8 1219 2 77 38 0 2 0.750 530 0.200 530 19.8 716.2
15 2438 31.8 1219 2 77 38 0 2 1.000 530 0.200 530 19.9 766.4
16 2438 31.8 1219 2 77 38 0 2 1.000 530 0.200 530 17.9 722.0
17 2438 19 1219 2 128 64 0 1 0.200 530 0.200 530 22.6 429.3
18 2438 19 1219 2 128 64 0 1 0.200 530 0.200 530 23.3 396.3
19 2438 19 1219 2 128 64 0 1 0.500 530 0.200 530 23.8 377.7
20 2438 19 1219 2 128 64 0 1 0.500 530 0.200 530 24.5 372.8
21 2438 19 1219 2 128 64 0 1 0.750 530 0.200 530 25.0 368.3
22 2438 19 1219 2 128 64 0 1 0.750 530 0.200 530 24.8 355.9
23 2438 19 1219 2 128 64 0 1 1.000 530 0.200 530 23.4 347.0
24 2438 19 1219 2 128 64 0 1 1.000 530 0.200 530 27.0 400.3
Saheb and Desayi [19] WAR-1(P) 600 50 900 0.7 12 18 t/6 2 0.173 297 0.199 286 17.9 556.0
WAR-2(P) 600 50 600 1 12 12 t/6 2 0.173 297 0.199 286 17.9 413.5
WAR-3(P) 600 50 400 1.5 12 8 t/6 2 0.173 297 0.199 286 17.9 284.9
WAR-4(P) 600 50 300 2 12 6 t/6 2 0.173 297 0.199 286 17.9 235.2
WSR-1(P) 450 50 300 1.5 9 6 t/6 2 0.165 297 0.199 286 17.3 283.9
WSR-2(P) 600 50 400 1.5 12 8 t/6 2 0.165 297 0.199 286 17.3 346.7
WSR-3(P) 900 50 600 1.5 18 12 t/6 2 0.165 297 0.199 286 17.3 463.3
WSR-4(P) 1350 50 900 1.5 27 18 t/6 2 0.165 297 0.199 286 17.3 534.0
WSTV-2(P) 600 50 900 0.7 12 18 t/6 2 0.331 297 0.199 286 20.1 597.8
WSTV-3(P) 600 50 900 0.7 12 18 t/6 2 0.528 581 0.199 286 20.1 709.4
WSTV-4(P) 600 50 900 0.7 12 18 t/6 2 0.845 570 0.199 286 20.1 823.0
WSTV-5(P) 1200 50 900 1.3 24 18 t/6 2 0.177 297 0.199 286 18.3 498.2
WSTV-6(P) 1200 50 800 1.5 24 16 t/6 2 0.335 286 0.199 286 18.3 612.7
WSTV-7(P) 1200 50 800 1.5 24 16 t/6 2 0.528 581 0.199 286 18.3 717.4
WSTV-8(P) 1200 50 800 1.5 24 16 t/6 2 0.856 570 0.199 286 18.3 790.1
WSTH-2(P) 600 50 900 0.7 12 18 t/6 2 0.173 297 0.352 581 19.6 712.4
WSTH-3(P) 600 50 900 0.7 12 18 t/6 2 0.173 297 0.440 581 19.6 712.4
WSTH-4(P) 600 50 900 0.7 12 18 t/6 2 0.173 297 0.507 570 19.6 682.6
WSTH-6(P) 1200 50 800 1.5 24 16 t/6 2 0.176 297 0.352 581 16.1 597.8
WSTH-7(P) 1200 50 800 1.5 24 16 t/6 2 0.176 297 0.440 581 16.1 647.7
WSTH-8(P) 1200 50 800 1.5 24 16 t/6 2 0.176 297 0.507 570 16.1 632.7
Doh [40] TWNS1 1000 40 1200 0.8 25 30 t/6 1 0.310 500 0.310 500 45.4 765.8
TWNS2 1200 40 1200 1 30 30 t/6 1 0.310 500 0.310 500 37.0 735.8
TWNS3 1400 40 1400 1 35 35 t/6 1 0.310 500 0.310 500 51.0 1177.2
TWNS4 1600 40 1600 1 40 40 t/6 1 0.310 500 0.310 500 45.8 1177.2
TWHS1 1000 40 1200 0.8 25 30 t/6 1 0.310 500 0.310 500 68.7 1147.8
TWHS2 1200 40 1200 1 30 30 t/6 1 0.310 500 0.310 500 64.8 1177.2
TWHS3 1400 40 1400 1 35 35 t/6 1 0.310 500 0.310 500 60.1 1250.8
TWHS4 1600 40 1600 1 40 40 t/6 1 0.310 500 0.310 500 70.2 1648.1
TAHS1 1600 40 1400 1.1 40 35 t/6 1 0.310 500 0.310 500 77.8 1618.7
TAHS2 1400 40 1000 1.4 35 25 t/6 1 0.310 500 0.310 500 77.8 1118.3
TAHS3 1600 40 1200 1.3 40 30 t/6 1 0.310 500 0.310 500 73.8 1265.5
TAHS4 1600 40 1000 1.6 40 25 t/6 1 0.310 500 0.310 500 77.8 1442.1
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Table A3
Refs. Designation Geometrical dimensions Material properties Capacity
H t L d k g 1st Opening 2nd Opening e n qv fyv qh fyh fc Nu
H0 L0 XG1 yG1 H0 L0 xG2 yG2
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (%) (MPa) (%) (MPa) (MPa) (kN)
Saheb and Desayi [18] OW WWO-1 600 50 900 0.7 12 18 240 240 0 0 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 672.6
WWO-2 600 50 900 0.7 12 18 240 240 230 0 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 568.9
WWO-3 600 50 900 0.7 12 18 240 240 230 0 240 240 230 0 t/6 2 0.173 297 0.236 297 28.2 433.5
WWO-4 600 50 900 0.7 12 18 420 210 0 90 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 652.7
WWO-5 600 50 900 0.7 12 18 420 210 245 90 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 548.0
WWO-6 600 50 900 0.7 12 18 420 210 245 90 240 240 230 0 t/6 2 0.173 297 0.236 297 28.2 423.5
TW WWO-1(P) 600 50 900 0.7 12 18 240 240 0 0 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 692.5
WWO-2(P) 600 50 900 0.7 12 18 240 240 230 0 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 592.8
WWO-3(P) 600 50 900 0.7 12 18 240 240 230 0 240 240 230 0 t/6 2 0.173 297 0.236 297 28.2 448.4
WWO-4(P) 600 50 900 0.7 12 18 420 210 0 90 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 697.5
WWO-5(P) 600 50 900 0.7 12 18 420 210 245 90 0 0 0 0 t/6 2 0.173 297 0.236 297 28.2 587.8
WWO-6(P) 600 50 900 0.7 12 18 420 210 245 90 240 240 230 0 t/6 2 0.173 297 0.236 297 28.2 448.4
Doh and Fragomeni [27] OW OW11 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 53 309.0
OW12 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 47 294.3
OW21 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 50 185.4
OW22 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 51.1 195.7
TW TW11 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 50.3 750.5
TW12 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 50.3 1030.1
TW21 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 50.3 618.0
TW22 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 50.3 647.5
Lee [58] OW O50W1C1.2 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 53 309
O70W1C1.2 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 67.7 426.7
O90W1C1.2 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 95.1 470.9
O95W1C1.2 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 96.2 488.5
O45W1C1.4 1400 40 1400 1 35 35 350 350 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 38 191.3
O90W1C1.4 1400 40 1400 1 35 35 350 350 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 80 300.2
O95W1C1.4 1400 40 1400 1 35 35 350 350 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 99.3 426.1
O50W1C1.6 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 47 294.3
O90W1C1.6 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 97.1 503.3
O50W2C1.2 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 50.3 191.3
O70W2C1.2 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 67.7 242.8
O95W2C1.2 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 96.2 308.1
O45W2C1.4 1400 40 1400 1 35 35 350 350 292 0 350 350 292 0 t/6 1 0.310 500 0.310 500 44.5 150.7
O90W2C1.4 1400 40 1400 1 35 35 350 350 292 0 350 350 292 0 t/6 1 0.310 500 0.310 500 80 244.3
O95W2C1.4 1400 40 1400 1 35 35 350 350 292 0 350 350 292 0 t/6 1 0.310 500 0.310 500 99.3 350.8
O50W2C1.6 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 51.1 195.7
O70W2C1.6 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 74.1 279
O90W2C1.6 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 97.1 347.3
O65W1W1.2 1200 40 1200 1 30 30 300 600 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 60.3 176
O65W1L1.2 1200 40 1200 1 30 30 300 300 250 0 0 0 0 0 t/6 1 0.310 500 0.310 500 60.3 258.4
O65W1U1.2 1200 40 1200 1 30 30 300 300 250 150 0 0 0 0 t/6 1 0.310 500 0.310 500 60.3 257.8
O65D1C1.2 1200 40 1200 1 30 30 750 300 0 225 0 0 0 0 t/6 1 0.310 500 0.310 500 60.3 243.7
O65D1L1.2 1200 40 1200 1 30 30 750 300 250 225 0 0 0 0 t/6 1 0.310 500 0.310 500 60.3 206
TW T50W1C1.2 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 50.3 706.3
T70W1C1.2 1200 40 1200 1 30 30 300 300 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 74.1 953.5
T45W1C1.4 1400 40 1400 1 35 35 350 350 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 45.5 732.8
T90W1C1.4 1400 40 1400 1 35 35 350 350 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 95.1 1303.7
T95W1C1.4 1400 40 1400 1 35 35 350 350 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 96.2 1298.4
T50W1C1.6 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 50.3 1030.1
T70W1C1.6 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 75.1 1390.6
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T90W1C1.6 1600 40 1600 1 40 40 400 400 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 93.6 1583.3
T50W2C1.2 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 50.3 618
T70W2C1.2 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 74.1 633.4
T90W2C1.2 1200 40 1200 1 30 30 300 300 250 0 300 300 250 0 t/6 1 0.310 500 0.310 500 97.1 665.1
T45W2C1.4 1400 40 1400 1 35 35 350 350 292 0 350 350 292 0 t/6 1 0.310 500 0.310 500 45.5 662.2
T90W2C1.4 1400 40 1400 1 35 35 350 350 292 0 350 350 292 0 t/6 1 0.310 500 0.310 500 95.1 918.2
T95W2C1.4 1400 40 1400 1 35 35 350 350 292 0 350 350 292 0 t/6 1 0.310 500 0.310 500 80 759.9
T50W2C1.6 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 50.3 647.5
T70W2C1.6 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 75.1 988.8
T90W2C1.6 1600 40 1600 1 40 40 400 400 333 0 400 400 333 0 t/6 1 0.310 500 0.310 500 94.2 1236.1
T65W1W1.2 1200 40 1200 1 30 30 300 600 0 0 0 0 0 0 t/6 1 0.310 500 0.310 500 56.4 682.2
T65W1L1.2 1200 40 1200 1 30 30 300 300 250 0 0 0 0 0 t/6 1 0.310 500 0.310 500 65 737.5
T65W1U1.2 1200 40 1200 1 30 30 300 300 250 150 0 0 0 0 t/6 1 0.310 500 0.310 500 62.4 715.7
T65D1C1.2 1200 40 1200 1 30 30 750 300 0 225 0 0 0 0 t/6 1 0.310 500 0.310 500 65 676.9
T65D1L1.2 1200 40 1200 1 30 30 750 300 250 225 0 0 0 0 t/6 1 0.310 500 0.310 500 56.4 582.7
T65W1SB1.2 1200 40 1200 1 30 30 240 240 0 120 0 0 0 0 t/6 1 0.310 500 0.310 500 62.4 794.6
T65W1SL1.2 1200 40 1200 1 30 30 240 240 120 0 0 0 0 0 t/6 1 0.310 500 0.310 500 56.4 721
Mohammed et al. [4] OW WO1 800 50 400 2 16 8 170 95 0 0 0 0 0 0 t/6 1 0.400 478 0.700 478 16.9 210
WO2 800 50 400 2 16 8 240 135 0 0 0 0 0 0 t/6 1 0.400 478 0.700 478 17.7 203.8
WO3 800 50 400 2 16 8 340 185 0 0 0 0 0 0 t/6 1 0.400 478 0.700 478 18.4 179.8
WO4 800 50 400 2 16 8 420 230 0 0 0 0 0 0 t/6 1 0.400 478 0.700 478 19.8 172.8
WO1a 800 40 400 2 20 10 170 95 0 0 0 0 0 0 t/6 1 0.500 478 0.900 478 16 100
WO2a 800 40 400 2 20 10 240 135 0 0 0 0 0 0 t/6 1 0.500 478 0.900 478 13.9 95.3
WO3a 800 40 400 2 20 10 340 185 0 0 0 0 0 0 t/6 1 0.500 478 0.900 478 15.6 85
WO4a 800 40 400 2 20 10 420 230 0 0 0 0 0 0 t/6 1 0.500 478 0.900 478 15.8 73.7
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